The formation of carbon-carbon sigma bonds by the organocatalyzed Morita-Baylis-Hillman (MBH) constitutes a sustainable way for the synthesis of valuable, highly functionalized molecules. Its large-scale implementation is however hampered both by its poor performance with substrates such as α,β-unsaturated ketones and by the reduction of the nucleophilicity of the catalyst when using water as solvent. Recent work from our laboratories has shown that a bicyclic imidazolyl alcohol (BIA), overcomes these limitations and is a much more efficient catalyst than imidazole for the aqueous MBH reactions of cyclic enones. The role of the hydroxyl group in the former catalyst is not easy to understand, however, since these reactions take place in water solution. We have studied the mechanism of the aqueous Morita-Baylis-Hillman (MBH) reaction between 2-cyclohexenone and isatin, catalyzed either by imidazole or by the BIA catalyst, using a combined experimental and computational approach. The data allowed us to propose mechanistic free-energy profiles for the two catalysts. An intramolecular proton transfer step, facilitated by the hydroxyl group of the catalyst even if the reaction takes place in water, accounts for the higher catalytic efficiency of BIA in comparison to imidazole, which requires assistance by an external base (either hydroxide ion or another imidazole molecule) for this catalytic step. The computed activation energies are in good agreement with the experimentally observed trends in reaction rates. The crucial role of the BIA hydroxyl has been confirmed by NMR study of the reaction kinetics, and in situ ESI-MS/MS monitoring experiments have detected and characterized all the relevant reaction intermediates, validating the computational model. To the best of our knowledge, this is the first study that provides clear evidence for the intramolecular participation of a bifunctional catalyst in the proton transfer step of a MBH reaction. The fact that the introduction of a suitable functional group favors the intramolecular proton transfer over solvent-mediated pathways, just in the spirit of enzymatic catalysis, provides a basis for the rational design of future efficient catalysts for aqueous reactions.
INTRODUCTION
More than four decades after its initial discovery, 1 the Morita-Baylis-Hillman (MBH) reaction (Scheme 1) continues to draw a lot of attention, both from the practical and from the theoretical points of view.
2,3
The MBH reaction has been established as a major method for the formation of carbon-carbon single bonds, affording highly functionalized products. The reaction also benefits from: (i) ready availability of the starting materials, and the possibility of being employed in the industrialscale production of valuable drugs or intermediates; 4 (ii) a superior atom-economic nature; (iii) the use of purely organic catalysts; (iv) mild reaction conditions; (v) synthetic versatility of the reaction products; 5 and (vi) potential for the development of efficient enantioselective versions. 3d,6 Scheme 1. The prototypical Morita-Baylis-Hillman (MBH) reaction.
Despite many advantages, MBH reactions still suffer from a few crucial practical drawbacks: (i) use of hazardous solvents and/or substrates (Cf. acrylate esters or acrylonitrile as solvents and reactants in the prototypical MBH reaction), (ii) high amounts (typically up to 100% mol) of the nucleophilic catalyst, and (iii) low reactivity of bsubstituted activated olefins (as donors) and of ketones (as acceptors). These limitations have precluded its more general use in large-scale conditions. Some MBH reactions involving cyclic a,b-unsaturated ketones have been particularly difficult to achieve, taking place only under harsh conditions. 7 The use of water as the solvent can alleviate some of these shortcomings, but water usually diminishes the nucleophilicity of the catalyst, so that an excess of the nucleophilic promoter is generally required in aqueous medium. 8 The reduced solubility of the organic substrates in water can also slow down the reaction rate.
The MBH reaction mechanism has been shown to involve four steps (Scheme 2).
3d,6b,9 The first step involves the conjugate addition of the nucleophile catalyst, generating a zwitterionic enolate. The second step occurs via an aldol-type addition of the carbonyl compound forming a zwitterionic alkoxide. The third step involves a carbon-tooxygen proton transfer that generates a second zwitterionic enolate. Finally, in the fourth step, elimination of the catalyst yields the MBH adduct. Although the general features of this mechanism are well established, the specific details of each individual step -particularly those of the critical carbon-to-oxygen proton transfer, step III in Scheme 2-and the identification of the rate-determining step (RDS) are still under debate. [9] [10] [11] [12] In addition, no straightforward way to improve the efficiency of actual catalysts has been devised.
Several years ago, Aggarwal 11 and McQuade 12 revised the early mechanistic proposals for the MBH reaction. 9a On the basis both of kinetics and of isotope effects, they proposed that step III (proton transfer; Scheme 2) and not step II (carbon-carbon bond formation by aldol-type addition of the carbonyl compound), should be the RDS, contrary to the initial proposal of Hill and Issacs. 9a The two studies suggested different mechanisms for the proton transfer step: intermolecular transfer via a "proton shuttle" mediated by a hydroxyl group (present either in the solvent or in the MBH adduct), 11 or an intramolecular proton transfer (taking place concurrently with catalyst elimination) in an intermediate hemiacetal alkoxide, 12 respectively. The intermolecular proton transfer route should be favored in protic polar solvents, whereas the intramolecular route would be more likely in MBH reactions of aldehydes taking place in aprotic media. Further experimental studies have been performed to detect proposed reaction intermediates, 9d,13 and the mechanism of the MBH reaction has also been studied computationally. Several studies have estimated either potential-or free energy-profiles along the reaction coordinate in model systems, using density functional theory and including implicit solvation effects. 9c,9d,14 These computational studies have been so far inconclusive since they either support the "proton shuttle" proposal of Aggarwal et al. 11 or suggest the coexistence of the two competing pathways.
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Scheme 2. Standard catalytic cycle for the MBH reaction between an aldehyde RCHO and an α,β-unsaturated carbonyl derivative CH 2 =CHCOX.
Step I: conjugate addition of the nucleophile catalyst.
Step II: aldol-type addition of the carbonyl compound.
Step III: proton transfer.
Step IV: catalyst elimination Recently, Plata and Singleton 15 reported a detailed experimental mechanistic free energy profile for the prototypical MBH reaction between p-nitrobenzaldehyde and methyl acrylate, using 1,4-diazabicyclo[2.2.2]octane (DABCO) as a catalyst, in methanol solution. They found that steps II and III are competitive RDS's (i.e., the RDS is temperature and substrate dependent) and that a stepwise, solvent mediated acid-base mechanism (but not the concerted "proton shuttle" pathway) takes place in this case. It was also pointed out that the modeling of reaction steps involving solvent participation requires the inclusion of explicit solvent molecules to obtain meaningful results. 15, 16 But it is unclear whether these considerations would apply for other catalysts and, more importantly, whether Michael acceptors such as cyclic a,b-unsaturated ketones, would display a similar mechanistic behavior.
We have shown that the use of a readily available 17 bicyclic imidazolyl alcohol (BIA) catalyst, 7-hydroxy-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole (1), overcomes most limitations of the MBH reaction with cyclic enones, affording very good results in the aqueous MBH reaction of conjugated cycloalkenones both with aromatic and aliphatic aldehydes 18 and with isatin derivatives, 19 in the presence of sodium dodecyl sulfate as an additive.
The bicyclic imidazolyl alcohol 1 is a much more efficient catalyst than imidazole (2), that had been previously used in stoichiometric amounts to promote the MBH reactions of cyclic enones in the presence of water.
8 These contrasting behaviors are surprising when considering that both catalysts share a similar structure, and that they differ basically, leaving aside the extra cycle, by the presence of a hydroxyl group in 1. Can a single hydroxyl group explain the greater catalytic efficiency of the bicyclic imidazolyl alcohol 1 with respect to imidazole 2? The question becomes more crucial when we realize that the reaction takes place in an aqueous medium, where the proton transfer step could apparently be easily promoted by a water molecule, ruling therefore out the possibility that the hydroxyl group in the BIA catalyst 1 could play any significant role in the reaction mechanism. It is worth noting however that although proton transfer reactions between heteroatoms are extremely fast (diffusion controlled), the abstraction of the proton attached to the a carbonylic carbon by an alkoxide oxygen will in general take place with a substantial energy barrier, so that the activation energy for the proton transfer step III should depend on the structure of the intermediate alkoxide species involved.
In order to ascertain the role played by the hydroxyl group of the imidazolyl alcohol 1 in the catalysis of the MBH reaction of cyclic conjugated enones in water solution, we have performed a combined experimental and computational mechanistic study of the aqueous MBH reaction between isatin (3) and 2-cyclohexenone (4) using both BIA (1) and imidazole (2) as catalysts (Scheme 3). This has allowed us to propose mechanistic free-energy profiles for each catalyst that explain the observed differences in catalytic efficiency. Our results have also been checked against the intermediates "fished out" from both reactions via in situ monitoring performed by electrospray ionization mass spectrometry (ESI(+)-MS).
Scheme 3. MBH reactions studied in this work.
METHODS

NMR monitoring of the aqueous MBH reaction between isatin and 2-cyclohexenone catalyzed by imidazole-based heterocycles
To a 10 mL round-bottomed flask, equipped with a magnetic stirrer, were added sequentially isatin 3 (425 mg, 2.89 mmol), sodium dodecyl sulfate (SDS, 83 mg, 0.29 mmol), catalyst 1 or 2 (0.29 mmol), distilled H 2 O (2.9 mL) and 2-cyclohexen-1-one 2 (0.56 mL, 555 mg, 5.78 mmol). The heterogeneous reaction mixture was stirred at room temperature and the reaction conversion was monitored by 1 H NMR spectroscopy. The progress of the reactions was also easily visualized as the reaction medium turned from an orange-colored suspension to a pale yellow one (see Supporting Information). In order to prepare the samples for NMR analysis, about 70 µL of the reaction mixture were taken, diluted with 2 mL of brine and extracted with EtOAc (2 x 5 mL). The organic phase was separated, dried over anhydrous Na 2 SO 4 , concentrated under reduced pressure and analyzed. The reaction conversion was estimated by measuring the ratio of the areas of the signals corresponding to the N-H proton both in isatin 3 and in the MBH adduct 5
Quantum chemical calculations
The Gaussian09 package 20 was used for all calculations. The electronic structure was computed within density functional theory (DFT), 21 using M06-2X functional 22 and an extended 6-311++G** basis set to expand KohnSham orbitals. 23 This functional is well known to provide accurate kinetics and thermodynamics for addition reactions to a,b-unsaturated ketones, 24 but to ensure its suitability for this particular system, we have tested many functionals and methods for the global MBH reaction (thermodynamics) and its first catalytic step (kinetics). Taking CCSD(T)/6-311++G** as a reference method of accuracy, the best compromise between kinetics and thermodynamics is M06-2X, with errors below 3 kcal·mol -1 (see SI).
A SMD solvation model, 25 parametrized for M06 functionals, was used in all calculations (energy evaluations, optimizations and frequencies), considering water as solvent. An explicit water molecule, presumably involved in the proton transfer step, was included in the calculations from the beginning to avoid accounting for non-realistic translational entropy. Sodium dodecyl sulfate has not been explicitly considered in the calculations because we have demonstrated that its role is essentially that of enhancing the solubility of the organic substrates in water, and that in the case of isatin 3 the reaction takes place essentially with the same rate in the absence of the surfactant. 19 Structure optimizations and transition state (TS) searches were performed with the Berny algorithm. Minima and TS structures were characterized by exhibiting zero and one imaginary frequency, respectively. The connections between the minimum-energy structures and the TS's were checked by analyzing the corresponding imaginary frequency modes. We have assumed a fast interconversion between the different conformers of the reaction intermediates, so that we present the lowest-energy ones rather than the conformers directly connected to the transition states.
The reference state for all calculations (∆G = 0 kcal·mol -1 ) is constituted by the hydrogen-bonded complex of 2-cyclohexenone with a water molecule (4·H 2 O), isatin (3) and the respective catalyst (imidazole 2 or BIA 1), in aqueous solution and at infinite distance. For the chiral BIA catalyst 1, we have performed our calculations with the (R)-configured enantiomer; when several diastereomers for a given TS or intermediate are possible, we will present in general the results corresponding to the lowest free energy pathway.
General procedure for in situ reaction monitoring by ESI(+)-MS
All reactions monitored by ESI(+)-MS were run in a magnetically stirred 10 mL round-bottomed flask containing 2.0 mmol of isatin (3), 4.0 mmol of 2-cyclohexenone (4), 0.20 mmol of catalyst (imidazole 2 or BIA 1) and an aqueous solution of SDS (0.20 mmol in 2 mL of deionized water), at ambient temperature. Aliquots from the reaction medium (1 µL) were continuously taken and diluted in 1 mL of a CH 3 CN-H 2 O (1:1) solution. The sample solutions were prepared in polypropylene microtubes (Eppendorf®) and directly injected into the ESI(+)-MS.
ESI(+)-MS data
High-resolution MS data were obtained by means of an Agilent ifunnel Q-TOF 6550 LC-MS with source Dual Agilent Jet Stream ESI (Dual AJS-ESI) in the following conditions: drying gas temperature at 280 ºC; drying gas flow 12 L· min -1 ; nebulizer at 30 psi; sheath gas temperature at 300 °C; sheath gas flow 12 L min -1 ; VCap 2500 V; nozzle voltage 0 V; fragmentor 150 V; OCT 1 RF Vpp 750 V and collision energies for the MS/MS experiments were varied in a range of 15-30 V using N 2 . The diluted samples were injected via a LC in FIA mode at a flow rate of 100mL·min -1 . Data were recorded in full MS mode using ESI(+) and a m/z 50 to 1000 range. Mass spectra were processed via the Mass Hunter B.06.00 software (Agilent technologies, Santa Clara, California).
RESULTS AND DISCUSSION
Comparative kinetic analysis of the catalysis of the MBH reaction by compounds 1 and 2.
In our previous work, we found that the BIA catalyst 1 was more efficient than imidazole 2 in the aqueous MBH reaction between isatin 3 and 2-cyclohexenone 4, since the reaction was essentially complete after 4 h at rt when a 10% molar amount of 1 was used as a catalyst, while in the presence of a 65% molar amount of 2 the reaction had not finished after 18 h. 19 In order to have a more quantitative estimation of the relative efficiency of both catalysts, we ran two parallel reactions with a 10% mol amount of compounds 1 and 2, respectively, and we measured the isatin/product ratio by direct 1 H-NMR analysis of the reaction mixture. As it can be clearly seen in Figure 1 , the initial rate of the BIA-catalyzed reaction is 14.3 times higher than that of the imidazole-catalyzed one, that after 48 h at rt showed a conversion lower than 70%.
Next, and in order to see if this difference in reaction rate was due to the presence of a hydroxyl group in the BIA catalyst, we evaluated the catalytic activity of the known 17b O-methyl derivative 6 (Figure 1 ).
Figure 1.
Conversion vs. time in the aqueous MBH reaction between isatin (3) and 2-cyclohexenone (4) with the catalysts (10 mol% amount) BIA (1; red squares), imidazole (2; blue triangles) and (OMe)-BIA (6; green diamonds).
We were pleased to find that the O-methylated derivative 6 had indeed a very low catalytic activity, resulting in a rate constant 500 times smaller than that observed with the hydroxyl-containing catalyst 1. In the light of this result, however, the relatively small difference in the catalytic efficiencies between 1 and 2 was not easily rationalized, suggesting the possibility that imidazole might act not only as a nucleophilic catalyst. In another experiment, we used N-methylimidazole (7) as the catalyst in the same reaction conditions (10 mol% of 7, 10 mol% of SDS, 2 molar equiv of 2-cyclohexenone 4 with respect to isatin 3, water -1 mL/mmol of 3), and we found that the reaction rate was identical to that of the imidazole-catalyzed reaction (see SI). This appears to rule out any significant participation of the imidazole NH in the mechanism.
Since the only significant difference between 6 and 2 (or 7) lies in the degree of steric hindrance around the more basic nitrogen in both compounds, we reasoned that imidazole could also act as an external BrØnsted base in the rate-determining C-H a abstraction in step III (see Scheme 2). With the aim of verifying this hypothesis, we ran the reaction with a double amount of catalyst 2 (20 mol% vs. 10 mol%), and 1 H-NMR monitoring of the conversion showed that the reaction rate increased by a factor of almost three; the apparent order of the reaction with respect to imidazole is 1.7, clearly suggesting the existence of a competitive pathway second-order in imidazole 2. On the other hand, when we halved the amount of BIA catalyst 1 (5 mol% vs. 10 mol%), the reaction rate was approximately divided by two, establishing a first-order dependence on this catalyst (see SI for details).
Taking these results into account, imidazole 1 was taken as the model nucleophilic catalyst for comparison with 2 both in the computational and in the in situ ESI(+)-MS studies.
Computational analysis
We will here discuss the computational results obtained for each individual step (see Scheme 2) of the aqueous MBH reaction between isatin (3) and 2-cyclohexenone (4), paying special attention to the differences between the two catalysts (BIA 1 and imidazole 2). We have used density functional theory to depict the reaction mechanism of both catalysts. The results of our calculations are summarized in Figure 2 .
Figure 2. Calculated minimum energy reaction paths for the aqueous MBH reaction between isatin 3 and 2-cyclohexenone 4, catalyzed by the BIA 1 (black) and by imidazole 2 (red). See Scheme 2 for the description of the individual steps As it can be seen, the computed free energy barriers for each individual step are in general lower for the BIA catalyst 1 than for imidazole 2. The mechanistic differences between both catalysts are especially important in the proton transfer step, so that in the following discussion we will focus our attention in this specific step. A more detailed discussion of the other steps can be found in the Supporting Information.
Step I: Catalyst addition.
Our study began by modeling the first step of the MBH reaction (addition of the catalyst, step I in Scheme 2), considering both BIA (1) and imidazole (2) as catalysts. Figure 3 shows the optimized structures and the free energies (relative to the reference state) of the stationary structures along the reaction pathway. The activation energy for the addition of the BIA catalyst is lower than that of imidazole (∆∆G ‡ = 1.7 kcal·mol -1 ), a fact that is in principle surprising given that both 1 and 2 should have a similar nucleophilic character, and in any case the BIA catalyst should be more sterically hindered. This unexpected lowering of the reaction barrier can be attributed to the stabilization provided by a well-defined hydrogen bond network between the hydroxyl group of the BIA catalyst, the enolate oxygen and a bridging water molecule ( Figure 3 ). In fact, knocking out this H-bond network by reorienting the OH during the addition of BIA (1) to 2-cyclohexenone (4) leads almost to the same barrier obtained for imidazole (see SI). Although both catalysts have a similar Lewis basicity, and therefore should exhibit a similar catalytic efficiency, 26 the presence of an intermolecular hydrogen bond at the TS I-1 seems therefore to favor the reaction for BIA over imidazole.
The bridging water molecule also has a stabilizing role in the zwitterionic intermediates Int I-1 and Int I-2 (Figure 3) . Here, the stability difference between both catalysts is even larger (DDGº = 3.9 kcal·mol -1 ) than that at the TS, since the negative charge at the enolate oxygen is fully developed. Interestingly, the water molecule is found to form a shorter hydrogen bond with the enolate oxygen at Int I-1 (1.6 Å) than with the carbonyl oxygen of 2-cyclohexenone 4 (1.8 Å). As we will see later, ESI(+)-MS/MS data provide experimental evidence for the formation of these hydrated intermediates. The differences in the rate of this step between both catalysts are therefore related with their different ability to stabilize the nascent negative charge in the enolate oxygen of the first zwitterionic intermediate formed in step I.
3.2.2.
Step II: Aldol addition of isatin. Figure 4 shows the optimized structures and energies of the stationary states along the second step of the MBH reaction (aldol addition) for BIA and imidazole catalysts. In both cases, the reaction energy barrier is lower, and therefore not kinetically relevant, in comparison to the previous step. Nevertheless, step II is fundamental for a possible asymmetric induction by the chiral BIA catalyst, as the configuration of the chiral center of the MBH adduct 5 is defined in this step. The stereochemistry of step II is particularly complex. For a given first zwitterionic intermediate, there are in principle four possible nucleophilic attacks depending on the faces of the enolate carbon in Int I-2 and of the isatin carbonyl that are reacting. We have explored all of these possibilities for both catalysts, and we depict in Figure 4 exclusively the lowest energy pathways. A more detailed discussion of this step can be found in the SI.
For the imidazole-catalyzed reaction, we have found that the preferred attack of isatin takes place on the less hindered face of the enolate carbon. In the minimum energy pathway, this attack involves the Re face of the isatin carbonyl to the Si face in (R)-Int I-2, leading, through the transition state TS II-2, to the intermediate Int II-2 (Figure 4 top) , with a computed energy barrier of ∆G ‡ = 5.5 kcal·mol -1 . For the (R)-BIA catalyst 1, the lowest energy transition state TS II-1 for this step involves the addition of the Re-face of the enolate carbon to the Re-face of the isatin carbonyl in 3 (Figure 4 bottom). The energy barrier corresponding to this step is of ∆G ‡ = 5.1 kcal·mol -1 , slightly lower than that obtained for imidazole (See Figure 2) .
Figure 4. Free energies (in kcal·mol
-1 ) and optimized structures of the stationary points for the isatin addition (step II in Scheme 2) under catalysis by imidazole 2 (top) and by the BIA 1 (bottom).
Step III: Carbon to oxygen proton transfer.
The proton transfer from the a-carbon to the alkoxide oxygen (step III in Scheme 2) in intermediates Int II-1 and Int II-2 can occur through several pathways. A direct concerted proton transfer is unlikely in view of the high energy associated with a strained four-membered cyclic transition state. 9c Other possible pathways are the autocatalytic product-induced proton transfer uncovered by Aggarwal, 11 or the mediation of a second electrophile molecule of McQuade.
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These pathways are expected to be predominant in aprotic media, whereas in a protic solvent such as water, the most likely mechanism would be in principle the solvent-mediated proton transfer (path A in Scheme 4).
Furthermore, in the case of imidazole catalysis, the results of the kinetic experiments described in Section 3.1 above show that we must consider an alternative reaction pathway in which, following the fast, reversible protonation of the alkoxide oxygen in Int II-2, a second molecule of imidazole 2, acting as a BrØnsted base, brings about the abstraction of the C-H a proton. The subsequent fast neutralization of the resulting imidazolium cation by the hydroxide anion would afford the same zwitterionic enolate intermediate (Int III-2) arising from the solvent-mediated proton transfer A (Path B in Scheme 4). For the imidazole-catalyzed reaction starting from intermediate Int II-2, we have located and characterized the transition state, TS IIIA-2, for the water-mediated carbon to oxygen proton transfer, leading directly to the second zwitterionic enolate Int III-2. The transition state TS IIIA-2 (see Figure 5 for the optimized structure) has a very high free energy (ΔGº = 28.7 kcal·mol -1 with respect to the separated reactants), so that according to this mechanism step III should be rate-determining even in aqueous solution. The individual activation energy (from the aldol intermediate Int II-2) is of ∆G ‡ = 18.2 kcal·mol -1 , roughly 6 kcal·mol -1 lower than that for the catalyst addition to the enone 4. The transfer of the α-carbon proton turns out to be very asynchronous. In the TS IIIA-2, the water molecule has already transferred a proton to the C3-alkoxide oxygen of the oxindole moiety, whereas the proton transfer from the a-carbonylic carbon to the hydroxide anion oxygen is still taking place. This observation led us to think that, starting from intermediate Int II-2, we could find a stable species in which the water molecule had completely transferred one proton to the oxindole alkoxide before reaching transition state TS IIIA-2. In fact, a careful examination of the reaction coordinate allowed us to find the postulated intermediate Int II'-2, that is 4.1 kcal·mol -1 less stable than Int II-2 (see SI). However, this structure is situated in a very shallow region of the potential energy hypersurface; hence, it must be very short lived because of its essentially barrier-less (ca. 0.6 kcal·mol -1 activation energy value) reversal to Int II-2. From the mechanistic point of view, this previous oxygen to oxygen proton transfer is therefore irrelevant in water, and we can consider that after the conformational change the carbon to oxygen proton transfer according to path A in Scheme 4 is fully concerted.
Next, we set out to explore the reaction coordinate for the carbon to oxygen proton transfer according to path B in Scheme 4, which implies the fast and reversible protonation of the alkoxide group in Int II-2, followed by the abstraction of the α-carbonyl CH proton by an imidazole molecule that acts as a BrØnsted base. We have located and characterized the corresponding transition state for this process, TS IIIB-2, and we were pleased to find that its free energy (ΔGº = 20.2 kcal·mol -1 , relative in this case to that of the separated reactants plus protonated imidazole) is much lower than that of TS IIIA-2 (See Figure 5) . This is in accordance with our experimental finding that the order of the reaction is of 1.7 with respect to imidazole, due to the contribution of the proton-transfer step (of second order with respect imidazole) to the overall reaction rate.
For the reaction catalyzed by BIA 1, we were also able to locate a transition state for the water-mediated carbon to oxygen proton transfer (TS IIIA-1, see Figure 5 ) which is similar to TS IIIA-2, and that also has a very high free energy (ΔGº = 27.0 kcal·mol -1 relative to that of the separated reagents). A previous conformational change of Int II-1 places the alkoxide-bound water near the proton a to the carbonyl, facilitating the proton transfer. The individual (i.e. from the starting intermediate Int II-1) activation free energy for this step of 16.7 kcal·mol -1 turned to be somewhat smaller than that (∆G ‡ = 18.2 kcal·mol -1 ) calculated for imidazole along pathway A in Scheme 4. In this case, the fact that the reaction rate is of first order on the BIA catalyst 1 excludes the possibility of a pathway similar to that of B in Scheme 4, involving two molecules of 1 in the transition state. We have, however, found an alternative pathway in which the BIA hydroxyl is first deprotonated by the oxindole alkoxide, and subsequently abstracts the proton a to the cyclohexanone carbonyl. The initial proton transfer from the BIA hydroxyl to the oxindole alkoxide in Int II-1 takes place with a very low energy barrier, leading to an intermediate of nearly the same energy, that is, having a ΔGº = 10.4 kcal·mol -1 with respect to the separated reactants. After a conformational change, the key carbon to oxygen proton transfer can take now place, via the transition state TS IIIB-1 (with a free energy ΔGº = 16.6 kcal·mol -1 with regard of the separated reactants, Figure 5 ), to the second zwitterionic intermediate Int III-1. The overall transformation is clearly exoergic, with ΔGº = -3.9 kcal·mol -1 from Int II-1 to Int III-1, and takes place with a low individual activation free energy of ∆G ‡ = 6.3 kcal·mol -1 .
At this point, one may ask why is TS III-B 1 more than 10 kcal·mol -1 more stable than TS III-A 1? It is worth noting that this fact cannot be rationalized from the equilibrium aqueous pKa values of the hydroxyl groups implied in the proton-transfer step. In both TS's, the oxygen atoms that abstract the a-carbonylic proton (hydroxide anion for TS III-A 1 and the catalyst alkoxide for TS III-B 1) have a net negative charge, and their relative stability will be largely dependent on solvation and polarization effects. A close inspection of the structures of TS III-A 1 and TS III-B1 in Figure 5 reveals that they have a very similar solventaccessible surface area around the negatively charged oxygen that abstracts the CH proton, so that solvation effects should be nearly equal for both species and that polarization effects might account for the energy difference between them. 27 In fact, when we calculated the natural charges in both transition states, we were pleased to find that while the a-carbonylic carbon and the transferred hydrogen had a very similar charge in both TS's (-0.47e vs. -0.49e for carbon and +0.44e for hydrogen), the hydroxide oxygen charge in TS IIIA-1 was clearly larger (-1.14e) than that of the catalyst alkoxide oxygen (-0.92e) in TS IIIB-1. The delocalization of the oxygen negative charge by polarization in the much larger, and positively charged, catalyst moiety in the latter TS can explain its stability. The same reasoning applies to the less stable TSIIIA-2, which shows an even more negative charge on the hydroxide oxygen (-1.20e), due to the lack of hydrogen bonding to the catalyst with respect to TSIIIA-1. ) of the four possible transition states of the proton transfer (step III in Scheme 2), according to the nature of the nucleophilic catalyst (imidazole or BIA) and to the identity of the proton-transfer agent (water or catalyst).
The stabilization of TSIII B-1 is the most important reason for the higher catalytic efficiency of BIA with respect to imidazole. The kinetic improvement brought about by this catalyst-mediated proton transfer is also limited by the catalyst addition step, which is competitive with the proton transfer for a,b-unsaturated ketones. For common donors such as methyl acrylate this improvement should however be much higher. Note that this result also rationalizes the experimentally observed very low reaction rate measured with the O-methyl derivative 6, for which the only possible mechanism available for the proton transfer is the water-mediated one, with an activation energy barrier of ca. 29 kcal·mol -1 from the separated reactants, that is 9 kcal mol -1 higher than that found for imidazole for this step (according to pathway B) and 5 kcal mol -1 higher than that of the catalyst addition step.
Although bifunctional Lewis base-Brønsted acid systems have been previously used as catalysts for the MBH or aza-MBH reactions of acrylates, particularly in their enantioselective variants, 6 we note that up to now no evidence has been found, either experimental 26, 28 or theoretical, 14f,14g,29 for the direct participation of the hydrogen bond donor group of the catalyst in the proton transfer step. These results highlight the dramatic enhancement in catalytic efficiency caused by the addition to the catalyst structure of a functional group able to participate in a proton transfer process, even if the reaction occurs in water solution. Whereas this phenomenon is well known in enzymatic catalysis, it has not been previously noted in organocatalytic processes such as the MBH reaction.
Figure 6. Free energies (in kcal·mol
-1 ) and optimized structures of the stationary points for the catalyst elimination (step IV in Scheme 2) of imidazole (IMI 2; up) and BIA (1; down).
3.2.4.
Step IV: Catalyst elimination and product release.
The last step of the MBH reaction (Scheme 2) involves the elimination of the catalyst moiety from the second zwitterionic intermediate (Int III-1 or Int III-2), providing the final MBH adduct 5 and closing the catalytic cycle. This step is highly exoergic for both catalysts, with ∆G 0 = -7.2 kcal·mol -1 for imidazole and ∆G 0 = -8.4 kcal·mol -1 for BIA, and goes through TS IV-2 and TS IV-1, respectively ( Figure  6 ). In these TS's, the hydroxyl group of the oxindole moiety is involved in an intramolecular hydrogen bond with the carbonyl of the cyclohexanone fragment. For the BIA catalyst, this step has the second highest individual free energy barrier (∆G = 13.9 kcal·mol -1 ). For imidazole, the energy barrier is very similar (∆G ‡ = 14.2 kcal·mol -1 ). The formation of the adduct 5 from the reactants (3 and 4) is exergonic, defining a total ∆G 0 of -2 kcal·mol -1 for the overall MBH reaction.
ESI(+)-MS monitoring.
The in situ monitoring by ESI(+)-MS of the two reactions studied by theoretical calculations was also performed to try to intercept and characterize the main key intermediates. Figures 7a and 7b show, respectively, the spectra of the reaction mixture aliquots with imidazole 2 and of BIA 1 at times 0, 10 and 30 min. The beginning of the monitoring (t = 0 min) corresponds to a sample extracted from the homogeneous mixture obtained immediately after the addition of reactants (3, 4) and catalyst (1 or 2) to a magnetically stirred 10% mol aqueous solution of SDS. As predicted by the calculations, these spectra reveal indeed significant differences between the catalytic activities of 1 and 2. At short reaction times, the abundances of the ions corresponding to the initial reaction intermediates are much lower for imidazole ( Figure  7a ) as compared to BIA (Figure 7b ), in accordance with the higher catalytic activity of BIA. It can also be seen that the ion of m/z 148, corresponding to protonated isatin, cannot be detected, even at t = 0 min, in the BIA-catalyzed reaction (Figure 7b ). The structures of the detected intermediates have been assigned by MS/MS experiments (see SI). short reaction times, the most abundant ion in the imidazolecatalyzed reaction is that of m/z 312, which corresponds to the protonated aldol adduct intermediate Int II-2 (Figure 7a) . The corresponding ion of m/z 368 is on the contrary missing in the two first spectra of the BIA-catalyzed reaction collected at t = 0 and t = 10 min (Figure 7b ). This perfectly matches the calculations, since if the proton transfer is the rate determining step in the imidazole-catalyzed reaction, an accumulation of this intermediate should occur at short reaction times. The abundance of the ion of m/z 312 diminishes with longer reaction times but it still can be detected at t = 30 min (Figure 7a, bottom) .
The ion of m/z 266, corresponding to the sodiated final MBH adduct 5, that is, [5+Na + ], initially detected as a very minor ion in the imidazole catalyzed reaction (Figure 7a , t = 10 min), is much more abundant, from t = 0, in the spectra of the BIA-catalyzed reaction (Figure 7b ). In this case, at longer reaction times (t = 10 min and t = 30 min) the ion corresponding to [5+5+Na + ], of m/z = 509, is also detected, an evidence for the higher content of the final product in the reaction mixture. 30 Finally, we also monitored by in situ ESI(+)-MS the evolution of an aqueous mixture of isatin 3 and 2-cyclohexanone 4, in the presence of the O-methylated BIA derivative 6 (Figure 8) . In this case, and due to the high abundance of the ion corresponding to protonated 6 (m/z = 139), the amount of catalyst had to be reduced 10 times with respect to the conditions used for the imidazole-and the BIA-catalyzed reactions. In agreement with our experimental findings of the very low reaction rate with this catalyst, the ion with m/z = 266 corresponding to the sodiated adduct was only detected in trace amounts after t = 30 min (not shown in Figure 8 ). The intermediate corresponding to the Michael addition of the catalyst (step I in Scheme 2) could be detected at t = 10 min, and at t = 30 min the ion of m/z = 382, corresponding to the protonated aldol intermediate, was present in the reaction mixture, albeit in very minor amounts. This demonstrates that for this catalyst the ratedetermining step takes place after the aldol addition step (step II in Scheme 2), in complete agreement with the results of our calculations: the low efficiency of the methylated BIA derivative 6 results from a) the impossibility of promoting intramolecularly the proton-transfer step, and b) the steric hindrance that would be present in the transition state involving two molecules of catalyst (see path B in Scheme 4). 
Final remarks and conclusions
The main goal of the present study was to explain why the presence of a hydroxyl group in the BIA catalyst 1 increases its catalytic efficiency in the MBH reaction of cyclic a,b-unsaturated ketones with respect to imidazole 2 in an aqueous solution. If we compare the two calculated free energy profiles shown in Figure 2 , corresponding to the catalysis by 1 and 2 (second order pathway for the proton transfer step), several features are worth mentioning: First, the initial Michael addition of the catalyst to 2-cyclohexenone 4, leading to an unstable zwitterionic enolate (Int I-1/2), has the largest individual energy barrier for both catalysts, and in fact it corresponds to the rate-determining step in the reaction catalyzed by the bicyclic imidazolyl alcohol 1. Note that step I is not found to be rate-determining for the donor substrates most usually employed in mechanistic studies (experimental or theoretical) of the MBH reaction, which involve strong, b-unsubstituted Michael acceptors (Cf. methyl acrylate) and highly nucleophilic amine catalysts (Cf. DABCO). In the BIA-catalyzed reaction, both the transition state TS I-1 and the resulting intermediate Int I-1 are however more stable (by 1.7 and by 3.9 kcal·mol -1 , respectively) than the TS I-2 and the intermediate Int I-2, corresponding to the catalysis by imidazole 2. This stabilization order can be attributed to the action of the hydroxyl group of the catalyst as a hydrogen-bond donor to a solvent water molecule, stabilizing the negative charge on the oxygen enolate both in the TS and in the zwitterionic intermediate. 19 This extrastabilization also affects the energies of the TS's of the aldol-type addition step (TS II-1 and TS II'-1).
The most important difference between both catalysts is however found in the carbon-to-oxygen proton transfer step (Step III in Scheme 2). Our calculations show that although for imidazole the initial Michael addition of the catalyst still has the highest activation energy, no individual step is rate determining, and that the proton transfer step contributes to the overall rate of the process. In the BIA-catalyzed reaction proton transfer is much easier than the initial catalyst addition and not rate-limiting compared to imidazole. The presence of the hydroxyl group of the catalyst 1 triggers a stepwise acid-base mechanism for the proton transfer: the catalyst hydroxyl first donates a proton to the alkoxide group of the oxindole moiety in intermediate Int II-1, and then the resulting alkoxide Int II'-1 abstracts the a-carbonylic proton. The water molecule only plays an ancillary role in this process, stabilizing the transition states and intermediates by hydrogen bonding. Our calculations show that an external water molecule could also play the role of the hydroxyl group, but in a much less efficient way as the corresponding process would be energetically much more demanding (DDG ‡ = +10.4 kcal mol -1 ). Although a direct comparison of the initial reaction rates cannot be made accurately, due to the lack of a single rate-determining step for the imidazolecatalyzed process, a reasonable estimate made on the basis of the differences in activation energy of the first step would give a DDG ‡ of -1.7 kcal mol -1 between BIA and imidazole, that corresponds to a rate increase of 17.7, a predicted ratio reasonably close to that measured experimentally (k BIA /k IMI = 14.3).
The above theoretical results are also in good agreement with experimental ESI(+)-MS data. Moreover, they are also consistent with the recent study of the DABCO-catalyzed MBH reaction between methyl acrylate and 4-nitrobenzaldehyde in methanol by Plata and Singleton, that refutes the usual "proton-shuttle" pathway in favor of a twostep acid-base mechanism. 15 Another important conclusion of present study is the possibility of asymmetric induction by the chiral catalyst 1, an issue that is currently being addressed in our laboratories. 31 Finally, we have demonstrated that intramolecular hydrogen bonding by suitable functional groups in the catalyst can favorably compete with hydrogen bonding of the substrate with water in an aqueous reaction, leading to new reaction pathways that are lower in energy, just in the spirit of enzymatic catalysis.
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